As the biggest karst spring system in northern China, the Niangziguan karst water system is the major source of water supply for Yangquan city, one of the most important bases of coal production in China. In this study, the chemical composition of karst groundwater was investigated with particular emphasis on identifying the sources of chemical variation. The results show significant geographic variation in chemical constituents through the karst groundwater system and also indicate that human activity is responsible for much of the observed hydrochemical variation. The addition of SO 4 22 , Cl 2 and NO 3 2 from human activities causes the groundwater hydrochemistry to vary from the HCO 3 -Ca-Mg or HCO 3 -SO 4 -Ca-Mg type to the SO 4 -HCO 3 -Ca, Cl-SO 4 -HCO 3 -Ca, SO 4 -Ca or SO 4 -Cl-Ca type.
As the biggest karst spring system in northern China, the Niangziguan karst water system is the major source of water supply for Yangquan city, one of the most important bases of coal production in China. In this study, the chemical composition of karst groundwater was investigated with particular emphasis on identifying the sources of chemical variation. The results show significant geographic variation in chemical constituents through the karst groundwater system and also indicate that human activity is responsible for much of the observed hydrochemical variation. The addition of SO 4 22 , Cl 2 and NO 3 2 from human activities causes the groundwater hydrochemistry to vary from the HCO 3 -Ca-Mg or HCO 3 -SO 4 -Ca-Mg type to the SO 4 -HCO 3 -Ca, Cl-SO 4 -HCO 3 -Ca, SO 4 -Ca or SO 4 -Cl-Ca type.
Results from factor analysis indicate that abnormally high levels of SO 4 22 and Na þ are from sources related to coal mining activity, which is widely distributed in the study area. High concentrations of Cl 2 and NO 3 2 result from sources related to human activities such as agriculture and mining wastewaters and sewage discharge. The results of cluster analysis in combination with hydrogeochemical analysis indicate that natural and anthropogenic processes jointly control the evolution of groundwater chemistry in regional groundwater systems like Niangziguan.
Introduction
As the source of water supply for about 25% of the global population (Ford and Williams, 2007) , studying karst groundwater is critical for sustainable development of human society. In northern China, over 50% of the drinking water supply derives from karst aquifers and in some regions karst groundwater is the only available source of fresh water. Karst aquifers have complex and distinct characteristics that make them very different from other types of aquifers (Bakalowicz, 2005) . Karst aquifers tend to have a high vulnerability to input of contaminants because of possibly thin soil layers, numerous sinkholes and other direct contaminant pathways. Over recent years, karst water systems have been under increasing risk of contamination due to population growth and industrial and agricultural activities.
Within a karst system, there are both extremely fast and extremely slow flow components, and contaminants can be either transported very rapidly or held in storage for a long time. The highly interconnected fissures in a karst system can make pollution spread quickly and widely (Baker and Groves, 2008; Bonacci et al., 2009; LeGrand, 1984) . Urban runoff, wastewater discharge and solid waste disposal have added organic and inorganic pollutants such as nitrogen, phosphate, chloride, sulphate and heavy metals into groundwater systems (Gao et al., 2007; Glassmeyer et al., 2005; Jackson et al., 2001) . Coal mining activity and fertiliser application have significantly elevated the concentrations of sulphate and nitrate in groundwater (Aravena et al., 1999; Denimal et al., 2002; Ghiglieri et al., 2009; Moncaster et al., 2000; Spalding and Exner, 1993; Williams et al., 2001; Zhang et al., 1996) . In China, especially northern China, groundwater pollution in karst areas has recently gained special attention (Gao et al., 2010; Hatano et al., 2002; Jiang et al., 2009; Wang et al., 2001; Yuan, 1997) .
As a major diagnostic tool in groundwater hydrology, hydrogeochemical data collection, coupled with multi-dimensional data analysis, has been used to understand specific hydrogeochemical processes (Helena et al., 2000; Reghunath et al., 2002; Thyne et al., 2004; Wang et al., 2001) . Multi-variate statistical techniques have been used to reduce the number of variables or cases while in principle retaining the same information as in the original data. Factor and cluster analyses, which are among the most widely used multi-variate statistical techniques, have been successfully applied to clarify the contributing hydrogeochemical processes controlling groundwater quality and to identify pollution sources in groundwater systems (Farnham et al., 2000; Glynn and Plummer, 2005; Reghunath et al., 2002; Silliman et al., 2007) .
In the present study, statistical models were employed and combined with hydrogeochemical analysis to further understand the impacts of human activity on the groundwater hydrochemistry of the Niangziguan carbonate area (referred to here as the Niangziguan karst water system (NKWS)) in northern China.
Geological and hydrogeological setting of the NKWS
The NKWS contains three lithostratigraphic units (Figures 1 and 2 ):
(a) Archaean metamorphic rocks (b) Paleozoic carbonate, sandstone and shale (c) Cenozoic alluvium (clay, sand and gravel).
The Paleozoic carbonate formation constitutes the main aquifers, and can be divided into four parts. The lowest part is the Cambrian formation that consists of limestone, dolomitic limestone and dolomite with a total thickness of 120 m. The next lowest Paleozoic unit consists of shale and mudstone that function as the regional basal aquitard of the karst water system. The middle part of the system consists of Ordovician limestone and dolomite, which form the two main aquifers. The limestone aquifer overlies the dolomite and is composed of calcite with three interlayers of gypsum; the thickness of limestone ranges up to 300-600 m and that of dolomite 120-180 m in southern and western areas of recharge. There are many karst fractures, karst caves and conduits in the middle section. The upper part of the system is made up of Carboniferous-Permian coal-bearing formations that consist of limestone, shale and coal.
The northern, western and southern boundaries of the study area are high in topography; the lowest point of the area is located in the east, in Niangziguan town, where springs emerge. Historically, groundwater was recharged primarily in the high elevations around the perimeter of the study area and was discharged primarily through springs and human usage. During recent years, over-exploitation of the karst groundwater has led to a serious decline of the water table in the study area (Hao et al., 2009; Wang and Gao, 2009 ). Cones of depression have been formed in the areas of Yangquan, Pingdin and Shouyang counties ( Figure 1 ) and local recharge of groundwater in these areas may become important. In this study, NKWS is divided into the following subareas: the original recharge area, the flow-through area and the discharge areas (Figure 3 ).
Sampling and method
Samples were collected between November 2006 and September 2009. These included ten surface water samples, 25 karst water samples, five spring water samples, four mining wastewater samples and three fissured rock water samples. The general characteristics of the collected samples and sampling sites are given in Table 1 . The locations of the sampling sites were determined using a portable global positioning system. When sampling, all water samples were filtered on site through 0 . 45 ìm membranes. Each water sample was divided among four 550 ml polyethylene bottles. For cation analyses, reagent-quality HNO 3 was added to one of the bottles until the pH of the sample reached 1. Before sampling, the bottles had been rinsed with deionised water and twice with the sample water. Field parameters, including water temperature, pH and electrical conductivity (EC), were measured in situ using portable Hanna EC and pH meters that had been calibrated before use. Alkalinity was measured on the sampling day using the Gran titration method. Concentrations of anions in the samples were determined using ion chromatography (Dionex 120) and the cation contents were analysed using ICP-AES (inductive coupled plasma emission spectrometry, Thermo Fisher Scientific), following US Environmental Protection Agency standard methods. The estimated analytical errors were within 5% ( Table 2 ). The 18 O/ 16 O ratio of natural water was determined using the common CO 2 -H 2 O equilibration technique in which millimole (mmol) quantities of CO 2 were equilibrated with 5 ml of the water sample under constant temperature and shaken gently for 18 h (Epstein and Mayeda, 1953) . Subsequently, the CO 2 was cryogenically purified and analysed by a dual-inlet isotope ratio mass spectrometer for its 18 Statistical techniques, including box and whisker plot and factor and cluster analyses of the water hydrochemistry data, were performed using Statistica software version 9 . 0. Factor analysis of the hydrochemistry data was used to assess the contributions of anthropogenic processes to the hydrochemistry of karst water in the NKWS. Factor extraction was carried out by principal component analysis. Varimax rotation was applied to obtain uncorrelated components. Clusters were calculated using the factor scores of water samples by means of k-means clustering, which attempts to find the centres of natural clusters in data.
Results and discussion

Hydrochemistry
Several chemically different groundwater types were recognised at NKWS ( Groundwater from the recharge area showed stable isotope composition, from À9 . 93 to À6 . 80‰ for ä 18 O and À69 . 0 to À50 . 2‰ for äD (Table 2 ). Owing to evaporation effects, most surface water samples had elevated ä
18 O values and the äD values decreased in the following order: surface water, mining wastewater, karst water from the flow-through area, water in fissured rocks, karst water from the recharge area and karst spring water. Along the flow path (Figure 4 ), relatively high ä 18 O and äD values were also found in some groundwater samples from mining areas, industrial and densely populated residential areas and the flow-through area (Figure 3 ), indicating the impact of coal mining and municipal wastewater discharge on karst water.
A summary of the descriptive statistics for physico-chemical Figure 3 . Distribution of groundwater (including spring waters) with different factor scores. 1, boundary of the study area; 2, boundary of the subareas (I, recharge area; II, flow-through area; III, discharge area (natural and artificial discharge)); 3, groundwater flow direction; 4, coal mining area; 5, industrial areas and densely populated residential areas; 6, river. Samples cluster: e, cluster 1; h, cluster 2; d, cluster 3; n, cluster 4 parameters of the groundwater samples is shown in Table 3 . A moderate to high variability of the parameters was observed among groundwater samples, as indicated by their standard deviations and coefficients of variation. The highest variability was for HCO 3 À , followed by, NO 3 À , Na þ , SO 4 2À , K þ and ä 18 O, with coefficient of variation values above 1 . 0, which reflects the spatial variation of groundwater quality in NKWS. According to the result of box and whisker plots of the major ions in the groundwater, Cl À and SO 4 2À showed the largest variability, followed by HCO 3 À , Ca 2þ , NO 3 À and Na þ ( Figure 5 ). (Figure 3 ). Table 4 . The Kaiser criterion method (Cooley and Lohnes, 1971 ) was employed to extract the maximum number of factors; this takes into account only factors having eigenvalues larger than one. In this way, three factors were obtained and rotated according to the Varimax method (Cooley and Lohnes, 1971) . The marked loadings are larger than 0 . 7 (shown in Table 5 in bold font). These factors account for 78 . 5% of the total variance. The difference in the loadings of the three factors reflects the different processes and factors responsible for the chemical characteristics of groundwater in the karst water system. Anthropogenic impact assessment of Niangziguan karst water Gao, Wang, Ma, et al. suggests that these variables are closely associated with waterrock interaction since Ca 2þ and Mg 2þ in karst groundwater arise primarily from the dissolution of carbonate (calcite and dolomite) (Aiuppa et al., 2003; Eisenlohr et al., 1999; Leybourne et al., 2009; Moore et al., 2009) . However, the indistinctive correlations between Ca 2þ , Mg 2þ , TDS and HCO 3 À (Table 4) suggest that in the NKWS area, water-rock interaction is not the only (and perhaps not even the major) reason for the high loading of these ions. Water with high factor 1 scores was in all cases found in the samples with high SO 4 2À content. Sources of SO 4 2À include rainfall (Williams and Melack, 1991) , fertilisers (Hosono et al., 2007; Knights et al., 2000; Valdes et al., 2007) , sewage effluent (Oren et al., 2004) , and dissolution of sulphide minerals (Szynkiewicz et al., 2009) and sulphate (gypsum). As discussed later, dissolution of gypsum constitutes one source for sulphate in groundwater from the NKWS. However, the average SO 4 2À content of 231 mg/l implies that there might be additional sources of sulphate.
Assessment of human activity contribution
As one of the largest coal mining areas in northern China, the impacts of coal mining may play an important role in determining groundwater chemistry in the study area. In other words, the high positive loadings of Ca 2þ , Mg 2þ and SO 4 2À may be due primarily to coal mining. The high positive loadings of EC and TDS, and the strong negative loading of pH, support this interpretation. Elevated EC and TDS are consistent with coal mining activity, not only because of the solutes in the mining wastewater, but also because the acidic character of the mine drainage may accelerate the dissolution of aquifer materials such as calcite, dolomite and gypsum. In addition, the relatively negative correlation between pH and SO 4 2À suggests that there should be additional sources of sulphate, such as coal mining.
According to previous work using sulphate-sulphur isotope (Li and Wang, 2003) , coal mining activity has a strong impact on sulphate content increase at the NKWS. A more detailed hydrogeochemical analysis can provide important clues about the sources of calcium, magnesium and sulphate in karst groundwater (Wang et al., 2006) . Assuming that all the calcium and magnesium is from calcite, dolomite and gypsum and that all the sulphate in the groundwater is from gypsum dissolution in the study area, the quantity of calcium from dissolution of calcite and dolomite can be calculated by subtracting the amount of calcium from gypsum dissolution from total calcium, expressed as 
samples with sulphate content higher than 3 mmol/l are shifted to the right away from the 1:1 relationship line, indicating again additional inputs of sulphate, such as oxidation of sulphide minerals in the Carboniferous-Permian coal-bearing strata during coal mining activities (Li and Wang, 2003) and discharge of municipal sewage into surface waters that then leak into the groundwater system along river channels.
Karst water samples plotted around the 1:4 relationship line in Figure 8 suggest congruent dissolution of dolomite, according to the stoichiometry of the dissolution reaction of dolomite. However, most of the samples fall above the line due to elevated magnesium concentrations in addition to CO 2 dissolution of dolomite. Under the impact of anthropogenic inputs of sulphate in the karst water, dolomite dissolution and calcite precipitation (dedolomitisation) may be enhanced due to the common-ion effect, as suggested by the relatively invariable bicarbonate concentration and elevated magnesium concentration in Figure 8 . It is interesting to see that there are two trend lines in the plot of Mg 2þ against SO 4 2À ( Figure 9) , with a dramatic increase of magnesium content with sulphate content higher than 5 mmol/l, indicating the effect of anthropogenic sulphate on intensification of the dedolomitisation process.
Inputs of Na þ to groundwater arise primarily from the incongruent dissolution of plagioclase, the dissolution of chemical fertilisers, the disposal of domestic effluent and atmospheric input through the infiltration of precipitation (Bhatt and McDowell, 2007; Kass et al., 2005; Neal and Kirchner, 2000) . The content of sodium in precipitation is as low as 0 . 03-0 . 2 mmol/l in the study area. And, since the major karst aquifers at the NKWS are composed of carbonate rocks, water-plagioclase interaction may not be a major source for sodium in the groundwater. Therefore, the elevated contents of sodium in groundwater should be linked with human activities.
To sum up, factor 1 is more indicative of the effect of human activity (primarily coal mining) than that of water-rock interaction.
Factor 2, accounting for about 22% of the total variance, consists of T (groundwater temperature), K þ , ä 18 O and äD. The significantly high positive loadings of T, ä 18 O and äD suggest that those variables are associated primarily with recharge from surface water. As mentioned in the previous section, the ä 18 O and äD values of surface water at Niangziguan are commonly higher than those of the groundwater because of the isotope fractionation effect by evaporation. Therefore, if groundwater from the recharged area is affected by surface water when it enters the flow-through area or the discharge area, its ä 18 O and äD values could increase. The elevation in isotopic composition normally depends on the mixing rate and isotope characteristics of surface water. Most of the surface water samples are located on the right side of the local meteoric water line of China, reflecting the strong effect of evaporation (Figure 10 ), while some groundwater samples are close to surface water samples, indicating the significant recharge of surface water on them. Groundwater samples with elevated temperatures are also associated with surface water.
Potassium in groundwater often comes from orthoclase and muscovite minerals present in granite, and from pollution sources such as chemical fertilisers, mining wastewater and domestic effluent (Griffioen, 2001; Watmough et al., 2005) . The content of K þ in natural surface water underlain by limestone and dolomite is normally very low. In the study area, however, elevated K þ contents were observed in most samples of the surface water located in flow-through areas where human activities are strong. So, factor 2 is interpreted to indicate the impact of human activities on surface water and consequent impact on groundwater through the process of groundwater recharge from surface water.
Factor 3, accounting for about 10% of the total variance, consists of Cl À and NO 3 À : The significantly high positive loadings of Cl À and NO 3 À indicate that those variables are associated with human activities. Generally, atmospheric deposition is not considered to be a major source of NO 3 À concentrations in groundwater, and the hypothesis of a geogenic source of NO 3 À would be totally inconsistent with the geologic character of the study area. Therefore, the substantial contribution of NO 3 À to groundwater in the study area likely results from excessive application of agricultural fertilisers and from seepage of sewage effluent into the subsurface.
Natural sources of Cl À in groundwater include rainfall, the dissolution of fluid inclusions and Cl À bearing minerals (Neal and Kirchner, 2000; Negrel and Roy, 1998) or the displacement of saline connate water into fresh water aquifers. Chloride can also derive from pollution by industrial wastes, septic systems or other sources of domestic effluent, and from the overuse of fertilisers (Edmunds et al., 2003; Hosono et al., 2007; Knights et al., 2000; Valdes et al., 2007; Widory et al., 2004) . There is little variation in lithology in the major aquifers in the study area, and it is clear that groundwater in the areas of greatest natural recharge is consistently low in Cl À content. This indicates that natural sources are not primarily responsible for the Cl À content of the groundwater. Thus, the high Cl À content in the groundwater could be related to human activities. The highest Cl À contents are typically found in (or downgradient of) areas with strong human activities such as mining areas, industrial areas and densely populated residential areas (Figure 3 ). Human activities are thus largely responsible for the observed Cl À concentrations.
4.3 Distribution of groundwater with different factor scores Cluster analysis was performed on the factor scores of each sampling site to illustrate how clusters are distributed. The results of this analysis indicate that the water samples can be grouped into four clusters (Figure 11 , Table 6 ). Cluster 1, which includes groundwater samples 1, 16, 19 and 43 (Table 1) , is characterised by the highest factor 1 scores, the lowest factor 2 scores and medium factor 3 scores. All of these samples were near or within the mining areas in the western part of the study area (Figure 3 ). The high factor 1 score in these samples indicates that coal mining activities have a significant impact on the groundwater chemistry. Impacts of other kinds of human activities were also indicated, as suggested by the medium factor 3 scores. These pollutants may originate from the inorganic and organic materials in coal byproducts, the use of nitro-explosives and from sewer wastes.
The highest scores for factor 2 were found in cluster 2, which displayed the highest factor 3 scores and medium factor 1 scores (Figure 11 ). This cluster includes samples 5, 7, 17 and 18, which are all located in or near suburban areas of Yangquan city and close to rivers. In the vicinity of groundwater samples 5 and 7, surface water flows in channels with carbonate rocks free of overlying sediments, and the Nanchuan River water can leak and recharge the underlying karst aquifer. Although the carbonate rock is covered by 1-20 m of Quaternary sediment in the vicinity of groundwater samples 17 and 18, significant recharge of surface water in this area is also indicated by the high factor 2 scores. At the same time, the high factor 3 scores of cluster 2 show that pollution from human activities also contributes significantly to the groundwater chemistry of this cluster.
The highest factor 3 scores were found in cluster 3, which includes the largest number of groundwater samples (samples 10, Figure 11 . Average factor scores for each cluster: e, cluster 1; h, cluster 2; s, cluster 3; n, cluster 4 13, 21, 28, 32, 34-36, 40-42, 46 and 47) . These samples were mostly from the flow-through area and the discharge area, both with high population density. In contrast to cluster 2, the low factor 2 scores of cluster 3 indicate that there is no significant impact of surface water in cluster 3. Therefore, the significant impact of human activity may be caused by direct infiltration of local sewage waste, fertiliser and industrial waste, at concentrations little changed from surface environmental conditions. In general, the results of the cluster analysis confirm that groundwater quality in the flow-through area and discharge area has been seriously affected by human activities.
Cluster 4 (including groundwater samples 2-4, 5, 24, 26, 27 and 29-31) displays the lowest factor 1 and factor 3 scores and a medium factor 2 score. This indicates that groundwater in this cluster has been little affected by human activities and that a slight impact of surface water inflow exists. Most of the samples in this cluster were taken in the recharge area, except for the three spring waters and sample 15 from the flow-through area. The results for this cluster can thus be regarded as representatives of the background groundwater chemistry of the study area. Because of the thin cover of unconsolidated sediment and a widespread exposed carbonate rock area, recharge from surface into groundwater is still inevitable in the study area, even in the recharge area. The groundwater in most regions of the study area is affected by human activities, except for the recharge area, as indicated by the factor 3 scores: those of clusters 1, 2 and 3 are all higher than that of cluster 4 (the background value). The negative impact of coal mining was indicated primarily by the higher factor 1 scores in clusters 2 and 1 compared with that of the background value (cluster 4). In dry seasons, most of the rivers in the study area are dry, and mining and municipal wastewaters maintain the river flow. Owing to recharge from polluted rivers, degradation of groundwater quality in these areas is inevitable.
Conclusions
The chemical characteristics of groundwater in the NKWS were investigated to understand the degree to which human activities affect groundwater quality. The study results show that human activities have a significant impact on the chemical composition of groundwater.
The hydrochemical types change from HCO 3 -Ca-Mg or HCO 3 -SO 4 -Ca-Mg type to SO 4 -HCO 3 -Ca, Cl-SO 4 -HCO 3 -Ca, SO 4 -Ca and SO 4 -Cl-Ca type because of increases in SO 4 2À , Cl À and NO 3 À concentrations. Results from factor analysis indicate that abnormally high SO 4 2À and Na þ were mainly from sources related to coal mining activities, which are widely distributed in the study area. Potassium was mainly from sources related to recharge by contaminated surface water. Chloride and nitrate were primarily from human-related activities such as agriculture, wastewater discharge and sewage effluent release. The results of cluster analyses using the factor scores indicate that natural processes and different kinds of human activity have been the major controlling factors in determining the groundwater chemistry. The results of this study also provide some clues about the sources of groundwater contamination in the NKWS. This work demonstrates that multi-variate analysis, coupled with hydrogeochemical analysis, is a useful tool to characterise the potential impact of human activities on groundwater quality.
